This paper reports a new 1°× 1°global thermal model for the continental lithosphere (TC1). Geotherms for continental terranes of different ages (N 3.6 Ga to present) constrained by reliable data on borehole heat flow measurements (Artemieva, I.M., Mooney, W.D. 2001. Thermal structure and evolution of Precambrian lithosphere: a global study. J. Geophys. Res 106, 16387-16414.), are statistically analyzed as a function of age and are used to estimate lithospheric temperatures in continental regions with no or lowquality heat flow data (ca. 60% of the continents). These data are supplemented by cratonic geotherms based on electromagnetic and xenolith data; the latter indicate the existence of Archean cratons with two characteristic thicknesses, ca. 200 and N 250 km. A map of tectono-thermal ages of lithospheric terranes complied for the continents on a 1°× 1°grid and combined with the statistical age relationship of continental geotherms (z = 0.04 ⁎ t + 93.6, where z is lithospheric thermal thickness in km and t is age in Ma) formed the basis for a new global thermal model of the continental lithosphere (TC1). The TC1 model is presented by a set of maps, which show significant thermal heterogeneity within continental upper mantle, with the strongest lateral temperature variations (as large as 800°C) in the shallow mantle. A map of the depth to a 550°C isotherm (Curie isotherm for magnetite) in continental upper mantle is presented as a proxy to the thickness of the magnetic crust; the same map provides a rough estimate of elastic thickness of old (N 200 Ma) continental lithosphere, in which flexural rigidity is dominated by olivine rheology of the mantle.
Introduction
Laboratory measurements on upper mantle rocks and rock-forming minerals reveal strong dependence of seismic velocities and electrical conductivity on temperature (Kampfmann and Berckhemer, 1985; Jackson, 2000; Constable et al., 1992) . Although recent high-resolution global and regional seismic tomography and electromagnetic surveys image strong lateral and vertical heterogeneities within the continental upper mantle (e.g., Freybourger et al., 2001; Jones et al., 2003) , no reliable interpretations of their origin (thermal, structural, or compositional) are possible in the absence of data on upper mantle temperatures. The contribution of thermal versus compositional variations to observed geophysical anomalies remains controversial. Forte et al. (1994) conclude that much of seismic velocity variations in the mantle can be attributed to temperature variations. On the other side, Poupinet et al. (2003) found that Pwave travel time delays correlate well with geological ages and concluded that temperature variations alone cannot explain short-wavelength offsets in P-vertical travel times, but require mineralogical differences within the lithosphere. Griffin et al. (1998a) argue that compositional anomalies can account for at least 50% of the velocity anomalies observed in seismic tomography models. This conclusion agrees with the results of a global analysis of correlations between seismic and thermal anomalies, which indicate that in the upper 150 km of the continental mantle temperature variations alone are sufficient to explain seismic Vs only in ca. 50% of continental regions; in other continental regions temperature variations can account for not more than 50% of the amplitude of seismic velocity anomalies (Artemieva et al., 2004) .
Clearly, estimates of upper mantle temperatures from seismic tomography (e.g., Furlong et al., 1995; Sobolev et al., 1996; Godey et al., 2004) or electrical conductivity models (e.g., Dobson and Brodholt, 2000; Ledo and Jones, 2005 ) cannot be used to assess the relative contributions of thermal and compositional variations to geophysical anomalies, because such inversions require certain assumptions on mantle composition, fluid regime, and the amount of melt, while anisotropy can also significantly affect the results. A more advanced approach has been recently proposed by Shapiro and Ritzwoller (2004a) , who assimilated heat flow data into seismic inversion and used seismic tomography data to estimate mantle temperatures beneath Antarctica. Alternatively, xenolith data can be used to estimate mantle geotherms. However, the number of localities with mantle-derived peridotites is very limited and their areal distribution is much more scarce than heat flow measurements (Fig. 1) .
The present study reports a new consistent global thermal model TC1 for the continental upper mantle constrained primarily by heat flow data and thus suitable for interpretations of seismic, gravity, or electromagnetic models in terms of thermal versus non-thermal anomalies. A thermal model for stable continental lithosphere constrained by reliable surface heat flow (Artemieva and Mooney, 2001) provides the basis for the present study. However, because the coverage of borehole measurements is uneven and sparse in many regions ( Fig. 1) , heat flow data permit constraints on lithospheric geotherms for only about 40% of the continents. In particular, high-quality heat flow measurements are absent for ∼80% of South America, ∼70% of Africa, large areas in Asia, all of Antarctica, most of Greenland, the Arctic regions of North America, and the Russian Far East. Nevertheless, a number of heat flow measurements in continental terranes of different geological ages permits statistically significant analysis of lithospheric geotherms for different tectonic settings allowing expansion of the previous thermal model (Artemieva and Mooney, 2001 ) to all continental areas (excluding submerged terranes with continental crust such as oceanic plateaus and shelves). Xenolith P-T arrays as well as data on electrical conductivity of the upper mantle have been compiled for different cratonic settings and compared with lithospheric geotherms constrained by surface heat flow. For tectonically active regions with transient thermal regimes, lithospheric temperatures are based primarily on xenolith geotherms.
A compilation of ages of the continental crust averaged on a 1°× 1°grid formed the basis of the Fig. 1 . Global heat flow data coverage (updated after Pollack et al., 1993) . Crosses-sites of borehole heat flow measurements; diamonds-locations of mantle xenoliths discussed in the text. Australian craton Pilbara craton 3.5-3.0 3.0 2.0-1.7, 1.3-1.0 170-230 Yilgarn craton 3.7-3.4 gneiss and 3.0-2.6 granites (3.7)
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Hamersley and Naberru basins Archean? 2. 8-2.3 No data Gawler carton 2.7-2.6 1.5 1.9-1.8, 1.6-1.5 170-190 North Australian craton 2.1-1.9 (2.5) 1.85 1.3-1.1 130-200 Central Australian mobile belt 1.9-1.4 1.2-1.1 1.8-1.6, 1.5-1.3, 1.1-1.0, 0.9-0.5
140-160
South American craton Amazonian craton (Guyana Shield) 3.4 and 2.9-2.6 (3.5) 2.8-2.6 2.2-2.1, 1. 85-1.55 No data Mobile belts of Amazonian craton 2.2-1.8
No data Central Brazil shield 3.0-2.8 (3.2) 2.8-2.6 2.1-1.9, 1.6-1.1, 0.7-0.5
No data
Mobile belts of Central Brazil shield Archean-early Proterozoic
No data
Atlantic shield (Sao Francisco craton) 3.2 (3.4) 2.8-2.6 2.1-1.9, 0.6 190-200 Marginal belts of Atlantic shield 1.1 0.7-0.5 110-160 Rio Apa craton 1.6-1.0 (2.1) No data
Indian craton
Dharwar craton 3.1-3.0 2.6-2.5 180-200 Southern Granulite terrane 3.3-3.0 (3.4) 2.6-2.5 2.1-2.0, 1.6-1.5, 0.9 180-230 Singhbhum craton 3.4 2.6-2.5 2.1 160-200 Aravalli craton 3.4 2.6-2.5 2.5-2.0, 1.8-1.5 160-200 Bhandara (Bastar) craton 3.5-3.3 2.2, 1.0 180-200 Cuddapah Basin 2.0-1.5 1.5-1.0 140-160 Narmada-Son rift system 0.6-0.5
80-110
Siberian craton Aldan shield and Stanovoy Ridge 3.4-3.2 3.1-2.9, 2.6-2.5
Partly at 2.0-1.8 Kolyma-Omolon and Okhotsk median massifs 3.4 ? 1.6-0.5 No data Anabar shield 2.9-2.7 (3.2) 2.6-2.5 1.9, partly at 0.9-0.5 190-350 Main Siberian craton Mainly Ar (ca. 75%), extensively reworked at 1.95-1.8 Ga by epicratonic rifting 2.6-2.5 1.4-1.1, 0.8-0.5; Mz (Viluy basin) Goodwin, 1996) and it is not the age of the oldest known rocks (shown in brackets). In bold -ages used to constrain the continental thermal model TC1 (Figs. 2, (10) (11) (12) (13) . Arndt, 1986; Abbott et al., 2000) and with the age distribution of juvenile crust (Condie, 1998 (Condie, , 2001 permits speculations on the dynamic and tectonic evolution of the continents since the Archean.
Age of the continental lithosphere
The constraints of the present study depend critically on information on crustal ages. Data on the ages of the continental crust (based on Goodwin, 1996; Fitzgerald, 2002; Condie, 2005 and verified by regional geological and tectonic data) formed the basis of this study (Table 1 ). Seismic models have not been used to delimit tectonic terranes as exploited in some geophysical studies, because seismic anomalies in the mantle may reflect both thermal and compositional variations. A compilation of crustal ages averaged on a 1°× 1°grid is shown in Fig. 2 . The following assumptions were made to constrain the age map.
(1) Because the goal of the study is to constrain a global model for the present-day thermal state of the continental lithosphere, the ages of the last major tectonic event (tectono-thermal ages) rather than the ages of the juvenile crust are used. For many Precambrian terranes, however, a distinction between geological age (i.e., the age of the major crust-forming event) and tectono-thermal age is speculative because major crust-forming episodes were probably caused by large-scale thermal and tectonic events (e.g., superplumes or plate tectonic processes resembling those of the present). Furthermore, some Archean-early Proterozoic terranes have undergone significant tectonic reworking in the Phanerozoic. These include, for example, the Wyoming, Sino-Korean, and Congo cratons, which were recognized as a separate category of "reworked Archean cratons". These cratons have been formed under unique temperature and compositional conditions during early evolution of the Earth (e.g., Abbott et al., 1994) and are expected to have preserved, in part, the distinctive structure and composition of the lithosphere, different from that of Phanerozoic terranes. (2) In the further analysis it is assumed that the continental lithospheric mantle has the same age as the overlying crust, i.e., that they have been spatially and temporally linked since their formation, as indicated by Re-Os dating of mantle-derived cratonic xenoliths (Pearson, 1999 Fig. 2 ). For these regions, the assigned ages are based on a limited number of isotope age data, chiefly from basement outcrops.
Statistical analysis of thermal model constrained by surface heat flow
The thermal model for stable continental regions constrained by surface heat flow data (Artemieva and Mooney, 2001 ) was analyzed for statistical relations between ages and mantle geotherms for five time intervals: the Archean, the early, middle and late Proterozoic, and the Paleozoic (Table 2) . Furthermore, Archean terranes were subdivided into three groups which were analyzed separately: early Archean (older than 3.2-3.0 Ga), late Archean (3.0-2.5 Ga) and reworked Archean (with basement ages of 3.6-2.5 Ga).
I used data on lithospheric thermal thickness (defined as the intersection of the mantle geotherm with the 1300°C mantle adiabat) to calculate typical lithospheric geotherms. Fig. 3 shows the thermal thickness of the continental lithosphere as a function of age. Despite a large scatter of thickness values (ca. 150 km for any of the considered age intervals) Fig. 2 . Tectonic ages of the continents on a 1°× 1°grid (based on Goodwin, 1996; Fitzgerald, 2002; Condie, 2005 , and numerous regional publications). The map shows the ages of the major crustforming events (see Table 1 ), rather than ages of the juvenile crust, and forms the basis for the global thermal model for the continental lithosphere TC1. associated with uncertainties of the thermal model (ca. 25% for the lithospheric thickness) and with diverse tectonic evolution for terranes of similar ages, there is a statistically significant correlation between the thermal state of the continental lithosphere and its age (Fig. 4a) . Moreover, if all Archean terranes are considered as one group, the correlation is surprisingly high (r = 0.94) with the average lithospheric thickness z 1300 (in km) showing a linear dependence on age t (in Ma):
while temperature gradient in the lithospheric mantle can be approximated as: Table 2 ): Ar-I includes cratons formed at 3.0-2.5 Ga, Ar-II includes mostly cratons of Gondwanacontinents with basement ages N 3.0 Ga, Ar-III includes cratons reworked by Phanerozoic tectono-magmatic events (e.g., Sino-Korean, Wyoming, Tanzanian and Congo cratons).
It should be noted that these statistical relationships are not valid for some of the tectonic settings (e.g., for modern zones of continent-continent or continentocean collision or for Proterozoic terrains underlain by a dipping wedge of the Archean mantle). Furthermore, this statistics is significantly biased by the uneven distribution of heat flow measurements over terranes of different ages, which formed the basis for calculation of lithospheric geotherms (Artemieva and Mooney, 2001) . Each value used in the statistical analysis corresponds to an area of 1°× 1°to 5°× 5°in size, where individual heat flow measurements in closely spaced boreholes were averaged for lithospheric blocks with similar crustal structure, ages, and tectonic setting. The correlation coefficient drops to r = 0.68 if the average values (Table  2) are area-weighted for terranes of different ages in order to remove the effect of uneven sampling by heat flow measurements (Fig. 4b) .
As discussed in previous works Mooney, 2001, 2002) , Archean cratons appear to have two typical lithospheric thicknesses, 200-220 and 300-350 km, where cratons with shallower roots are located mostly on the Gondwana continents, while cratons with thicker roots are located mostly in the northern hemisphere (Table 1 ). The present analysis of the age relationship of the thermal state of the mantle (Fig. 4c ) reveals that thick (N250 km) lithosphere is restricted solely to young Archean terranes (3.0-2.6 Ga), while in old Archean terranes (3.6-3.0 Ga) lithospheric roots do not extend deeper than 200-220 km.
Typical continental geotherms (Fig. 5 ) are constrained by heat flow data for stable continents and by xenolith data for active regions (Fig. 6f) . They are in a general agreement with mantle temperatures calculated from joint interpretation of gravity and tomography models (Deschamps et al., 2002) : the temperature difference between cratons, platforms, and tectonically active regions compared to the average mantle is, correspondingly, − 310 ± 200, − 160 ± 260, and +30 ± 130°C at 100 km depth and ca. − 90 ± 70, − 80 ± 100, and − 30 ± 70°C at 200 km depth (for average mantle temperatures of 1100°C at 100 km depth and 1300°C at 200 km depth).
Xenolith constraints on mantle geotherms and lithospheric thickness
Xenolith P-T arrays (xenolith geotherms) provide valuable independent control on the thermal state of the lithosphere. A large set of geothermobarometers (e.g., reviewed by Smith, 1999) has been proposed to determine temperature and equilibrium pressure (i.e., the depth of origin) of individual mineral grains in mantlederived xenoliths at the time when they were entrained into the host volcanic rock. These P-T arrays are strongly dependent on the geothermobarometers employed. For example, the difference in pressure between the BKN (Brey et al., 1990) and NT (Nimis and Taylor, 2000) geobarometers can be as large as ± 10 kbar (Grutter and Moore, 2003) ; the scatter of equilibration temperatures determined with FB (Finnerty and Boyd, 1987) and NT thermometers reaches 200°C but decreases with temperature increase (Preston and Sweeney, 2003) . Furthermore, xenolith geotherms based on opx-grt geothermobarometers (e.g., the BKN and FB methods) have the same temperature gradient as the conductive geotherms of Pollack and Chapman (1977) , while P-T arrays constrained by cpx-grt NT barometers have smaller gradients and thus intersect the mantle adiabat at a shallower depth (Grutter and Moore, 2003) . For these reasons, comparison of xenolith P-T arrays constrained by different geothermobarometers can be misleading.
For simplicity and following a widely accepted practice in petrological community, I further compare . Xenolith geotherms for continents clearly indicate two typical cratonic geotherms: ∼45 mWm 2 (a, b) and ∼37 mWm 2 (c-e). Because xenolith P-T arrays constrained by different geothermobarometers are significantly different, the data are shown mostly for the BKN method (Brey et al., 1990) ; data obtained with other calibrations is keyed as NT (Nimis and Taylor, 2000) , MC (MacGregor, 1974) , FB (Finnerty and Boyd, 1987) and ONW (O'Neill and Wood, 1979) . Thin lines-conductive geotherms of Pollack and Chapman (1977) , values are surface heat flow in mW/m 2 . Pink shading-mantle adiabat. (a) South Africa: blue triangles-Kimberly (Kaapvaal), green rhombs-Lesotho, red crosses-Gideon, Namibia (all three BKN-NT data from Grutter and Moore, 2003) ; black circles-xenolith data from several locations in Kaapvaal (compilation of Rudnick and Nyblade, 1999) ; these data are shown in plots (b-e) by gray shading; (b) Superior craton (Kirkland Lake)-green rhombs (data from Pearson et al., 1998) ; Wyoming craton-blue pluses (NT-NT data from Pizzolato and Schultze, 2003) and blue crosses (BKN data from Hearn, 2003) ; red triangles-SW Arkansas (BKN data from Dunn et al., 2003) ; (c) Slave craton: red rhombs-low-T peridotites (red line shows the best-fit) (BKN data from Kopylova et al., 1999; Kopylova and McCammon, 2003) , red crosses-high-T peridotites (BKN data from Kopylova and McCammon, 2003) ; blue trianglesLac de Gras area (BKN data from Menzies et al., 2003) ; green pluses-Somerset Island (MC-NT data from Grutter and Moore, 2003) ; (d) Fennoscandia: blue rhombs-central Finland (BKN data from Kukkonen and Peltonen, 1999; Lehtonen et al., 2003) ; green crosses-Arkhangelsk, pipe Grib (BK-MC data from Malkovets et al., 2003) ; red line-best fit for the Slave craton; (e) Siberian craton (Daldyn terrane): blue rhombs and green triangles (correspondingly, FB and ONW data from Griffin et al., 1996) ; black pluses-Zarnitsa pipe, red crosses-Irelyakhskaya pipe (both NT-NT data from Aschepkov et al., 2003) ; (f) active regions: orange triangles-SE China (data from Xu et al., 1996) ; blue diamonds-SE Australia (data from O'Reilly and Griffin, 1985) ; red crosses-Tariat region, Mongolia (data from Ionov et al., 1998) ; blue shading-Baikal region: Sayans, Vitim, and Udokan (data from Litasov et al., 2003) ; green line-Rhenish massif (after Le Bas, 1987) ; hatched area-Massif Central (after Coisy and Nicolas, 1978; Masse, 1983) ; for a comparison a typical Kalahari geotherm is shown by dashed line (Rudnick and Nyblade, 1999) . Note different depth scale of the plot. xenolith geotherms with the family of reference conductive geotherms of Pollack and Chapman (1977) , which were constrained under an assumption (based on the data set of 9 points only) that 60% of the surface heat flow comes from the mantle. Petrological and thermal data show that average crustal heat production depends on the crustal age, being the lowest for the Archean crust and increasing to Phanerozoic (e.g., Rudnick et al., 1998) . Thus, for the Archean crust the assumption of Pollack and Chapman (1977) is the weakest and extrapolation of reference geotherms to the surface heat flow should be interpreted with caution. Nevertheless, the set of reference geotherms provides a simple frame for a comparison of mantle thermal regime constrained by different methods. Fig. 6 shows a compilation of xenolith P-T arrays for Precambrian cratons and Phanerozoic regions; a pressure-to-depth conversion was based on crustal and mantle densities of 2.7 and 3.3 g/cc, correspondingly. Earlier, Rudnick and Nyblade (1999) compiled xenolith P-T arrays for Kaapvaal, Siberia, Slave and Superior cratons and concluded that all of them fall onto the same mantle geotherm. The present analysis with a preferred choice of P-T arrays constrained (where available) by the BKN method and with a distinction of xenolith P-T data from different kimberlite pipes within a craton does not support this conclusion.
Xenolith geotherms from Kaapvaal, Namibia, Superior province, Wyoming craton, and Somerset Island (Northern Canada) follow the 40-45 mW/m 2 conductive geotherm (except for a high-temperature part which can be attributed to plume-related effects, Sleep, 2003) , whereas P-T arrays from the Slave craton, Fennoscandia (central Finland and Arkhangelsk region), and the Siberian platform indicate a colder geotherm, 35-38 mW/m 2 (Table 3) . This difference in xenolith geotherms implies a significant difference in lithospheric thickness. Ignoring the existence of a rheologically active boundary layer with perturbed geotherm between the conductive thermal boundary layer and the convecting mantle, a 42 mW/m 2 geotherm intersects the mantle adiabat at ca. 220 km depth, while a 37 mW/m 2 geotherm-at ca. 300 km depth. Xenolith geotherms from the Superior craton, from some kimberlite pipes of the Slave craton, and from the Trans-Hudson orogen (with the buried Archean Sask craton) indicate temperatures of ca. 900 ± 50°C at 150 km depth . This places these parts of the Canadian shield into the group of the ArcheanPaleoproterozoic cratons with thick (N 250 km) lithospheric roots (Figs. 4c, 5) . Thus, xenolith data support Fig. 7 . Correlation between lithospheric thickness constrained by heat flow and xenolith geotherms for stable continental terranes. Note that the bars show the range of thickness estimates for different cratonic blocks, but not an uncertainty. Because the deepest known kimberlite magmas originated at ca. 250 km depth, xenolith and thermal constrains on lithospheric thickness diverge at greater depth. However, xenoliths from Finland derived from 240 km depth do not show shearing and suggest lithospheric thickness greater than 240 km (shown by an arrow). Pollack and Chapman (1977) . ⁎⁎ Geotherms calculated in the original publications (see references).
References: B76 = Boyd et al., 1976; B84 = Boyd, 1984; BG86 = Boyd and Gurney, 1986; E88 = Eggler et al., 1988; G93 = Griffin et al., 1993; G96 = Griffin et al., 1996; G98 = Griffin et al., 1998b; G99 = Griffin et al., 1999; Kj99 = Kjarsgaard, 1999 the conclusion of the existence of cratonic terranes with two characteristic thicknesses, 200-220 km and ca. 300 km (Artemieva and Mooney, 2001) , further supported by convection modeling (Doin et al., 1997) .
The thermal and xenolith geotherms agree well for Precambrian terranes with mantle geotherms above the 40 mW/m 2 reference geotherm (Fig. 7) . A significant discrepancy observed for terranes with colder geotherms (Siberia and Baltic shield) can be attributed to the fact that the deepest known mantle xenoliths came from ca. 200-240 km depth and did not sample deeper layers. Kimberlite magmas from deeper mantle either do not reach the surface due to their low-percentage melting or are not generated deeper than 240-250 km depth. However, even the deepest xenoliths from the Baltic shield (ca. 240 km depth) do not show shearing associated with flow in the rheologically active boundary layer beneath the base of the conductive thermal boundary layer (Kukkonen and Peltonen, 1999) . This implies thicknesses of lithospheric roots greater than 240 km (shown by arrows in Fig. 7) .
Xenolith P-T arrays from different regions of Cenozoic extension, rifting, and volcanism are surprisingly similar and indicate high mantle geotherms, which intersect the mantle adiabat at a depth of 60-100 km (Fig. 6f) . These data were used to constrain the thermal regime of the lithosphere of tectonically active regions (Fig. 5) .
Constraints on continental geotherms from electrical conductivity
Strong, exponential dependence of electrical conductivity on temperature provides a possibility to constrain mantle geotherms from conductivity-depth profiles (e.g., Shankland and Duba, 1990) . However, the true resistivity of the lithospheric mantle is poorly resolved (Korja, 1993; Korja et al., 2002) , East European craton (Vanyan et al., 1977) , Ukrainian Shield (Zhdanov et al., 1986) , Siberia (Safonov et al., 1976; Vanyan and Cox, 1983; Singh et al., 1995) , India (Singh et al., 1995) , Slave craton (Wu et al., 2002; Jones et al., 2003) , and Superior Province (Schultz et al., 1993; Kurtz et al., 1993; Mareschal et al., 1995; Neal et al., 2000) . Also shown are synthetic conductivity curves calculated for conductive continental geotherms of 37 and 50 mW/m 2 for the standard olivine model SO2 (Constable et al., 1992) with 90% of forsterite (thick solid lines) and conductivity along a-axis of anisotropic wet olivine (1000 ppm H/Si) for mantle adiabats of 1300 to 1400°C (Karato, 1990 ) (thick dashed lines). It is important to note that all cratonic conductivity curves fall between theoretical conductivity estimates for 37 and 50 mW/m 2 conductive geotherms, in agreement with thermal ( Fig. 5) and xenolith (Fig. 6) constraints. and the uncertainty is often larger than an order of magnitude (e.g., Jones, 1999) , while the vertical resolution of the MT surveys typically is ca. 5-10% of sampled depth (e.g., Hjelt and Korja, 1993) . I have compiled conductivity-depth profiles constrained by long-period MT and GDS studies for different cratons of the world (Fig. 8) .
Some earlier results were excluded from the compilation as unreliable; for example, there are still doubts if source field problems associated with high latitudes can cause misinterpretations of natural-source MT data in northern parts of the Baltic shield (Osipova et al., 1989) .
There is a striking agreement between the general pattern of the upper mantle conductivity for all of the cratons (Fig. 8) . Using experimental studies of electrical conductivity of olivine, which supposedly comprises about 50-60% of the upper mantle and thus essentially controls mantle conductivity, Constable et al. (1992) proposed a reference conductivity-temperature curve (the SO2 model) for dry subsolidus olivine. I used the SO2 model to calculate theoretical conductivity-depth profiles in the mantle for two reference conductive geotherms. Fig. 8 clearly shows that, in the depth range between 100-150 and 220-280 km, measured electrical conductivity of cratonic lithosphere falls between theoretical conductivity curves for typical cratonic geotherms of 37 and 50 mW/m 2 , and thus confirms cratonic geotherms constrained by thermal and xenolith data. The deflection of regional conductivity models from the synthetic conductivity curve above 100-150 km depth can be attributed to the presence of highly conductive phases. For typical cratonic geotherms the graphitediamond transition occurs at a depth of 120-170 km (Kennedy and Kennedy, 1976) ; because diamonds are abundant in cratonic roots, it is reasonable to attribute an order of magnitude increase in conductivity of the uppermost mantle to the presence of graphite. Conducting graphite films were also used to explain electrical anisotropy in the upper 100 km of the mantle beneath the Superior craton (Mareschal et al., 1995) .
For a typical cratonic conductivity model, the bottom of the electrical lithosphere is expected to be at a depth of ca. 220-260 km. At this depth, a transition from Fig. 9 . Correlation between surface heat flow and depth to the high-conductive layer in the mantle (electric asthenosphere). Depth to HCL is based on interpretations of Adam (1976) , Adam and Wesztergom (2001) , Bahr (1985) , Berdichevsky et al. (1980) , ERCEUGT-Group (1992) , Jones et al. (2003) , Korja (1993) , Kurtz et al. (1993) , Mareschal et al. (1995) , Moroz and Pospeev (1985) , Safonov et al. (1976) , Schultz et al. (1993) , Simpson (2002) , Singh et al. (1995) , Vanyan and Cox (1983) , Zhdanov et al. (1986) . The curve can be used as a proxy to the depth of the HCL for regions with a known heat flow.
conductive to adiabatic geotherm leads to a step-like change of conductivity curves due to a weak depth dependence of conductivity in the high-conductivity layer, HCL (interpreted as electrically conductive asthenosphere).
Assuming surface heat flow is representative of mantle temperatures (which is not true in regions with a transient thermal regime, anomalous crustal radioactivity, or intense groundwater circulation that affects borehole heat flow measurements), Adam (1976) proposed that the depth to the HCL (i.e., presumably the depth where partial melting of mantle material starts) correlates with the surface heat flow on the continents. An update of this compilation for electrical conductivity models published over the past three decades further suggests that, under certain assumptions, surface heat flow can be used as a rough proxy for the depth of the HCL (Fig. 9) . In particular, a correlation between the depth to the HCL (z HCL , in km) and surface heat flow (Q o , in mW/m 2 ) can be approximated as:
Because surface heat flow is, in general, age-dependent (Pollack et al., 1993) , this implies that the depth to the HCL should correlate with crustal age as well. Nevertheless, due to the large uncertainty in interpretations of electromagnetic data, the correlation between surface heat flow and the depth to the HCL should be considered with extreme caution, and especially for cratonic regions with Q o b 50 mW/m 2 , where the correlation between the two parameters is very weak (Fig. 9) . (1) For stable continental regions where reliable heat flow measurements exist (ca. 40% of the continents, Fig. 1 ) mantle temperatures reported in the previous work (Artemieva and Mooney, 2001) were used. For regions with no or unreliable heat flow measurements the statistical values were assigned depending on the age and tectonic setting (Tables 1, 2 and Fig. 2 ).
(2) For several tectonic settings the statistical relationships were not used. Lithospheric geotherms in tectonically active continental regions (regions of Cenozoic extension, rifting, and volcanism) were assumed to reach 1300°C at a depth of 60-100 km as indicated by xenolith geotherms (Fig. 6) , while the lithospheric thickness in modern zones of continent-continent or continent-ocean collision (Andes, Hellenic arc, Alps) was fixed at 220 km. This value is supported by regional seismic tomography studies in continental collisional orogens where the presence of subducted lithospheric slab in the upper mantle is interpreted down to depths of 200-250 km (e.g., Spakman, 1990) . Tibet was assumed to be underlain by the Archean lithosphere of the Indian craton as suggested by recent seismic studies (e.g., Tilmann et al., 2003) . (3) Archean cratons were subdivided into three groups: I-late Archean (3.0-2.5 Ga), IIearly Archean (3.6-3.0 Ga), III-reworked Archean. Xenolith P-T arrays (Fig. 6 ) and electrical conductivity curves for cratonic mantle (Fig.  8 ) support a diversity in thermal structure of the Archean lithosphere: typical geotherms range from 35-38 mW/m 2 (mostly in late Archean cratons) to 40-45 mW/m 2 (mostly in early Archean cratons). In accord with the results of thermal modeling, xenolith geotherms indicate colder conductive geotherms for the late Archean Baltic shield, Siberian and Slave cratons (group I). In agreement with these data and Fig. 4c , it was assumed that beneath the early Archean terranes of Central and Southern Africa, South America, Labrador, and Greenland (group II, Fig. 2 ) the mantle adiabat is reached at 220 km depth, while beneath the south-central part of the Slave carton, the north-eastern part of the Superior craton (Ungawa block), Rae, and Hearne cratons in North America the lithospheric thermal thickness is 300 km.
A subdivision of Archean cratons into two age groups (I and II) is indirectly supported by the diversity of their crustal structure. Windley (1995) recognizes four different types of Archean crust: (a) the Kaapvaal craton which has undergone a stage of intraoceanic tectonics followed by a stage of intracontinental tectonics; (b) cratons formed at an active continental margin (Greenland, Labrador, NW Scotland); (c) cratons formed at a passive continental margin (India and NE China); and (d) cratons formed by a collision of island arcs (the Superior province and the Slave craton). Moreover, cratons of the (Figs. 3-6 ) and tectonic age of the basement (Fig. 2) . Fig. 13 . Global thermal model for the continental lithosphere TC1 constrained on a 1°× 1°grid: depth to the 550°C isotherm interpolated with a low-pass filter. This depth can be considered a proxy of the thickness of magnetic crust (Petersen and Bleil, 1982) and as a proxy for the depth to the brittle-ductile transition in mantle olivine (Kusznir and Karner, 1985) . first two types have a well-documented geological and tectonic history from late to early Archean; whereas no early-mid-Archean history is known for the two last types of Archean cratons.
The TC1 model: some examples
(1) The constraints for some of the continental regions with no heat flow data require a comment. I next discuss the Congo craton as an example, because it is one of the largest unexplored Archean cratons where no modern geological mapping or regional geophysical studies have been done. Recently Lucazeau et al. (2004) reported heat flow measurements for the passive margin of the lower Congo basin off-shore Angola; however, no heat flow measurements have been done so far within the internal parts of the craton. Its crustal structure is also unknown. The craton is covered by Palaeozoic to recent sediments that formed during the opening of the Atlantic and the separation of the Congo and Brazilian Archean shields. The thickness of sediments is unknown; the CRUST 2.0 model assumes it varies from 0.5 to ca. 7 km in the central part of the vast area of the Congo basin (Laske and Master, 1997) . Large sedimentary thickness suggests that lithospheric mantle of the Archean Congo basin could have been significantly affected by Phanerozoic large-scale thermal perturbations in the mantle. Similar to the Sino-Korean craton, this could have resulted both in lithosphere erosion/ delamination and its chemical modification by metasomatism. Thus, I assume that the lithospheric structure of the Congo craton is similar to other reworked Archean cratons (group III) and that its thermal thickness is ca. 120-150 km (Fig. 12) .
These values, however, contradict regional surface wave tomography results which indicate high mantle seismic velocities down to a depth of 200-250 km (Ritsema and van Heijst, 2000) . A large part of this discrepancy can, probably, be attributed to incomplete crustal correction of the seismic data because the crustal structure of the craton is unknown. Theoretical analysis of the crustal effect on the global phase velocity maps of Rayleigh waves at a period of 150s indicates that the crustal contribution can be as large as 50% of the total signal and with the sign opposite to the mantle contribution (Laske and Master, 1997) . In case of large basins even small errors in data on the thickness of the sedimentary cover can produce significant errors in seismic models: for example, a 1 km underestimation of the sedimentary thickness produces a + 1% erroneous increase in phase velocities, while a 3 km overestimation of sediments produces a velocity error of ca. +2.5% (Bassin et al., 2000) . Thus, a +2% + 3% velocity anomaly at 200 km depth beneath the Congo basin can result from a 3 km underestimate of the sedimentary thickness in the region where practically no geophysical data exist.
(2) Antarctica is another example of a huge continental region with almost no borehole heat flow measurements (Engelhardt, 2004) and very limited geophysical data on its lithospheric structure. Recently, several attempts have been done to estimate the thermal regime of the continent using seismic tomography (Shapiro and Ritzwoller, 2004a,b; Kuge and Fukao, 2005) and satellite magnetic data (Maule et al., 2005 ). The TC1 model, based on the sparse available age data for Antarctica and the statistical relationship (Eq. 1), shows mantle temperatures in the East Antarctic craton that are ca. 100-150°C higher than estimated in a seismic tomography model (Kuge and Fukao, 2005) . The discrepancy between these results can be attributed both to the poorly known geological and tectonic history of Antarctica and to its poorly known crustal structure.
Because the Curie temperature for magnetite is close to 550°C (Petersen and Bleil, 1982) , the depth to this isotherm can be interpreted as the maximal depth of crustal magnetization and can be considered as a proxy for the thickness of magnetic layer (Fig. 13 ). The TC1 model predicts the depth to the Curie isotherm to be 40-50 km in the Precambrian part of Antarctica and less than 30 km in its Phanerozoic part. These values are close to the thickness of the magnetic crust as calculated from satellite magnetic data: 40 to 60 km in the East Antarctic craton and b 20 km in the West Antarctic rift system (Maule et al., 2005) . Thus, magsat data support the TC1 model for Antarctica.
(3) The depth to the 550°C isotherm ( Fig. 13) can also be interpreted as the elastic thicknesses of the continental lithosphere, where this depth exceeds the crustal thickness. Lithospheric strength envelopes based on deformation models with a constant strain rate and constant mineralogy associate a peak in the strength of the continental lithosphere at the top of the mantle with the transition from a quartz to an olivine rheology (e.g., Kohlstedt et al., 1995) . Laboratory data on rock deformation and thermal models of intra-plate basin formation predict that flexural rigidity of old (N 200 Ma) continental lithosphere is dominated by an olivine rheology of the mantle with a critical isotherm of ∼550°C (Kusznir and Karner, 1985) . However, for young (b200 Ma) continental lithosphere, flexural rigidity is controlled by quartz-feldspathic rheology with a critical isotherm of ∼350°C and thus Fig. 13 cannot be directly compared to the values of elastic thickness.
A comparison of thickness of elastic lithosphere (T e ) with mantle temperatures calculated in the present study indicates that the critical isotherm is between 400 and 600°C ( Fig. 14) for most of the cratons, where T e values fall between 35 and 75 km (Archean-early Proterozoic Kaapvaal, Tanzania, and Slave cratons, Siberian platform, Baltic and Indian shields; middle-late Proterozoic Central Australia, Great Plains (USA) and Grenville province; Bechtel et al., 1990; Bhattacharji and Singh, 1984; Doucouré et al., 1996; Ebinger et al., 1989; Hartley and Allen, 1994; McKenzie and Fairhead, 1997; Poudjom Djomani et al., 1999; Petit and Ebinger, 2000; Pilkington, 1991; Simons et al., 2000) . However, for the cratons with unusually large T e values, 90-110 km (locally 130-140 km) (Superior province, Brazilian shield, East European Platform, Congo craton; Bechtel et al., 1990; Hartley et al., 1996; Kogan et al., 1994; Mantovani et al., 1995; Pilkington, 1991; Wang and Mareschal, 1999; Watts et al., 1995) the critical isotherm may be as high as 600-850°C (Fig. 14) . A discussion of the physical meaning of these high T e values can be found in Watts (2001) . Note that if the T e depth in the Superior province, Brazilian shield, East European Platform, and the Congo craton corresponds to ∼550-600°C as favored by thermo-rheological models of the lithosphere, it would require that the thermal regime in these Archean-early Proterozoic terranes follows the reference geotherm of 30-35 mW/m 2 .
Lithosphere growth and implications for the Archean-early Proterozoic tectonics

Growth rate of lithospheric mantle
The map of lithospheric thermal thickness for the continents (Fig. 12 ) was used (a) to evaluate the volume of the preserved continental lithosphere of different ages and (b) to calculate lithospheric growth rate since the Archean. Here continental lithosphere is defined as the area above sea level, and thus submerged areas with continental crust such as continental shelves and ocean plateaus are excluded from the analysis. Furthermore, it is assumed that the age of the crust is representative of the age of the underlying subcrustal lithosphere. Surface area and volume of continental crust and lithosphere are calculated for spherical geometry at a 1°× 1°grid using data on lithospheric thermal thickness interpolated by kriging on the same grid (Fig. 12) . Data on crustal structure are derived from the CRUST 5.1 model (Mooney et al., 1998) and, for consistency, also interpolated on a 1°× 1°grid. However, the crustal data were used solely to estimate the ratio of crustal to total volumes for the continental lithosphere. The results are summarized in Table 4 . Fig. 15(b) shows the growth rate of continental lithosphere over the past 3.6 Ga calculated with an age step of 200 and 300 Ma (Fig. 2) . Although such a fine assignment of lithospheric ages is problematic in several continental regions (especially in platform areas with a thick sedimentary cover and an absence of accurate dating of basement rocks), it allows a rough comparison of lithospheric growth with global tectonic events, e.g., world-wide crust-forming events and superplumes (Fig. 15a) .
The results suggest that the average growth rate of the continental lithosphere was ca. 5-8 km 3 /year at 3.5-2.5 Ga, with a pronounced peak at 2.1-1.7 Ga when the growth rate became twice higher than in the Archean, and indicate that 50% of the present lithosphere was formed by 1.8 Ga. Assuming that juvenile crust comprised ca. 20-30% of juvenile lithosphere (Table  4) , these results imply that crustal growth rate was ca. 1-1.5 km 3 /year in the Archean and 2-3 km 3 /year in early Proterozoic. These values are close to the estimates of average crustal growth rate in the Archean based on free-board and secular cooling constraints (Reymer and Schubert, 1984) . Using Nd isotope data for North America, Greenland and the Baltic Shield, Patchett and Arndt (1986) calculated that the production rate of juvenile crust at 1.9 Ga was ca. 2.5 km 3 /year. Similar values were obtained in many other studies. For example, Fig. 15c shows growth rate of juvenile crust calculated from the data of Abbott et al. (2000) and Condie (1998) with a time step of 100 Ma. I have chosen these two studies for a comparison because they are among the few, which indicate a non-monotonous crustal growth with the major crust-forming episodes at 2.7-2.5, 1.9-1.5, and 1.2-1.0 Ga.
There is a general agreement between the curves for the growth rate of the continental lithosphere and juvenile crust (Fig. 15b, c) . However, note that all values of lithospheric volumes (crust plus lithospheric mantle) reported in this study refer to the present-day lithospheric volume which was preserved during the tectonic evolution of the continents, but not to the volume of the juvenile lithosphere. Thus, in fact, the curves for the "growth" rate of the continental lithosphere (Fig. 15b) reflect the cumulative effect of lithospheric growth and preservation and provide the lower limit for the curves of lithosphere growth. A comparison of Fig. 15b and c permits to speculate on tectonic evolution of the early continental lithosphere.
It is commonly accepted that the early juvenile crust was formed in Iceland-type plume-related tectonic settings (e.g., Ashwal et al., 1982) and in subduction zones (e.g., Abbott and Mooney, 1995) . In the former case lithospheric mantle is produced by mantle differentiation simultaneously with the crust, while in the latter case this is not necessarily true. If the crust and the lithospheric mantle were produced by mantle differentiation, one would expect that a large volume of lithospheric mantle was generated at ca. 2.7 Ga during the peak in the production of juvenile crust (Fig.  15c) . However, no significant peak in lithosphere volume is observed in the late Archean (Fig. 15b) . Alternative explanations for the observed significant difference in the growth rate of juvenile crust and the growth rate of preserved lithosphere are: (a) a large portion of late Archean juvenile crust was formed in subduction zones without producing a significant Fig. 15 . Growth, preservation, and recycling of the continental lithosphere. (a) Timing of global tectonic events: superplumes, komatiite extraction, giant dike swarms (GDS) (after Condie, 2004, in press) , and Archean and Proterozoic anorthosites (data from Ashwal, 1993) . (b) Growth/preservation rate of the present-day continental lithosphere (crust + lithospheric mantle) calculated on a 1°× 1°grid from the global model of lithospheric thickness TC1 ( Fig. 12 ) with age steps of 0.2 Ga (black line) and 0.3 Ga (gray line). The peak in lithospheric growth at ca. 1.7-2.0 Ga is a robust feature of the model. Note that this peak is followed by massive extraction of Proterozoic anorthosites suggesting that they were produced by edge-driven convection and not by mantle plumes. (c) Growth rate of the continental crust; dashed line-based on isotope ages of the juvenile crust (data from Condie, 1998); solid line-based on integrated interpretation of seismic data on the crustal structure and models of mantle melting (based on the average of the two models proposed by Abbott et al., 2000) . Although there is a general agreement between Figures (b) and (c), the peak in the growth rate of juvenile crust at 2.7-2.5 Ga, associated with superplume events, is not evident in the curves of lithosphere growth/preservation. (d) Volume of recycled lithosphere calculated as the difference between the volume of juvenile lithosphere and the present-day volume of preserved continental lithosphere. The latter is based on the TC1 model. The former is derived from the volume of juvenile crust under an assumption that the ratio of juvenile crust to juvenile lithospheric mantle produced by mantle differentiation is constant through the geological history. Dashed line-calculated for age data from Condie, 1998; solid lines: "Max" calculated for the upper envelope of typical curves for the volume of juvenile crust (approximately the upper of the curves of McLennan and Taylor (1982) and Abbott et al. (2002) ); "Min" calculated for the lower envelope (the lower of the curves of Abbott et al. (2002) and Veizer and Jansen (1985)); bold line is based on the average of the two models proposed by Abbott et al., 2000) .
volume of juvenile lithospheric mantle; (b) most of the late Archean juvenile lithospheric mantle produced at ca. 2.7 Ga was delaminated (e.g., by a mechanism similar to flake tectonics (Hoffman and Ranalli, 1988) ) and recycled back into the mantle. The latter possibility is examined further in this section. Note, however, that a part of the discrepancy between the growth rates of juvenile crust and preserved lithosphere can be attributed to inaccuracy of the assigned ages. The assumptions used to constrain the age map for the lithosphere (Fig. 2) are discussed in detail in Section 2. Furthermore, most of the cratonic terranes contain a mixture of Archean and Proterozoic crust, and thus the actual volume of the Archean lithosphere is underestimated in this study, because the TC1 model is constrained by ages of the last major tectono-magmatic events when new material was added to the pre-existing juvenile lithosphere. Therefore, the older is a terrane, the larger can be an underestimate of its volume. On the other side, global statistics on the ages of juvenile crust can be biased by overrepresentation of North America, Baltica, and South Africa in isotope age data. For example, Nd analysis of Australian shales did not reveal any significant peaks in crustal growth rate at 3.3-0.2 Ga (Allègre and Rousseau, 1984) suggesting significant differences either in crustal growth or crustal recycling between different cratons.
Assuming that the ratio of juvenile crust to juvenile lithospheric mantle produced by mantle differentiation is constant throughout the geological evolution, the volume of juvenile crust (Fig. 15c) can be used to estimate the original volume of juvenile lithospheric mantle. The difference between the relative volumes of the crust and preserved lithospheric mantle can be interpreted as the volume of recycled lithosphere (Fig.  15d) . The results suggest that, in the Archean, both the crust and the lithospheric mantle were recycled into the mantle at the same rate. Alternatively, they can be interpreted as indicating no recycling of the Archean lithospheric mantle older than 3.0 Ga and very limited recycling of the Archean lithosphere that is 3.0-2.0 Ga old, reflecting stabilization of cratonic lithosphere by the late Archean and its enhanced survivability with respect to mantle convection and tectonic processes. Another possibility proposed by Reymer and Schubert (1984) includes resetting of radiometric ages of early Archean juvenile crust during world-wide cratonization events at ca. 2.7 Ga, which could have led to the apparent high production rate of juvenile crust at that time (Fig. 15c) , which is not reflected in the curves for lithosphere growth/preservation rate (based on thermo-tectonic ages, but not on isotope ages) (Fig. 15b) .
Why do late Archean cratons have thick lithospheric roots?
The question of how the early lithosphere was formed remains enigmatic. A cogent evidence that plate tectonics operated already in the Archean is provided by recent seismic reflection studies across the margins of the Archean part of the Canadian Shield (e.g., Calvert et al., 1995; Cook et al., 1999) and by available paleomagnetic data. Numerous models of lateral and vertical growth of the continental nuclei can be reduced to (a) the "Iceland type" model of plume-induced mantle melting, further differentiation and magmatic underplating (e.g., Ashwal et al., 1982) , and (b) collision of oceanic terranes, shallow subduction and underplating of slabs around the perimeters of pre-existing lithospheric fragments (Abbott and Mooney, 1995; Rudnick, 1995) . These processes resulted in the existence of relatively large fragments of continental lithosphere already by 3.55-3.4 Ga as indicated by the wide-spread occurrence of metasediments with negative Eu anomalies (e.g., in Antarctica, Anabar shield in Siberia, Greenland) (Kröner, 1991) .
A statistical analysis of age versus lithosphere thickness relationship for continents (Section 3) shows that, contrary to the expectations, the thickest lithosphere is identified beneath Archean cratons that are ca. 400-800 Ma younger than the oldest known cratonic terranes (N3.4 Ga, Fig. 4b and Table 2 ). The depth extent of cratonic lithosphere formed in the early Archean does not exceed ca. 200-220 km. Here, I propose that superthick (N 250 km) cratonic roots with ages of 2.6-2.9 Ga were formed by Archean plate tectonic processes (i.e. during the assemblage of the cratons) and were not an immediate product of mantle differentiation as the "Iceland type" model implies.
A collision of continental nuclei with a 200-220 km thick lithosphere could led to tectonic stacking, lithosphere thrust-thickening and tectonic underplating, similar to the present-day Himalayas and Tibet, resulting in the formation of thick (60 km or more) crustal roots and superthick lithospheric roots. The preservation of such a thick crustal root requires that it was thermally insulated from the mantle by a thick lithospheric root. The lowermost part of the crust may later have transformed into eclogite facies and become seismically indistinguishable from the mantle. The lowermost part of an Archean lithospheric slab, despite its dry and depleted composition, could delaminate and recycle into the mantle in subduction settings (Lenardic et al., 2003) , whereas its highly depleted devolatilised 250-350 km thick lithospheric root, formed at a paleo continent-continent collision zone, could remain stable with respect to mantle convection and be preserved until present.
The lateral extent of superthick paleocollisional crustal and lithospheric roots can be relatively small (hundred to thousand kilometers) and restricted to the sutures between the Archean-early Proterozoic terranes. Because of their small size, such cratonic "teeth" would not necessarily be resolved in seismic models. However, they will be efficient in diverting heat from the mantle (Pollack, 1986) leading to low surface heat flow values at the site of a paleocollision. Unfortunately, surface heat flow measurements, sparse and uneven in many Archean terranes and sometimes restricted to regions of diamondiferous kimberlite fields (e.g., in Siberia), do not provide sufficient information on the lateral extent of superthick lithospheric roots. Moreover, it is possible that heat flow constraints on lithospheric geotherms in late Archean cratons (e.g., Siberia, Fennoscandia) are not globally (or even regionally) representative for terranes of that age. An alternative would be that most of the preserved late Archean cratons (3.0-2.5 Ga) have experienced significant plate tectonic interaction already in the Archean-early Proterozoic so that numerous thrust-thickened collisional belts were formed with Fig. 16 . Location of Precambrian AMGC complexes (data from Ashwal, 1993) superimposed on the maps of crustal thickness (a) and lithospheric thickness (b) variations. Proterozoic anorthosite belts are immediately adjacent to the areas with thick lithospheric roots and are located in the regions of thicker than normal (N42 km) Precambrian crust, everywhere where seismic data on the crustal structure exist.
several "lithospheric teeth" preserved within them until present. In such case seismic tomography would provide an integrated smoothed image of these "teeth" which can be interpreted as a single lithospheric keel. Zones of lithosphere weakness along the paleosutures and the presence of superthick "lithospheric teeth" would favor emplacement of diamond-bearing kimberlites within such cratons.
A belt of anorogenic magmatism (Proterozoic anorthosites or commonly associated with them granitoids including charnockites and rapakivi granites) can be another surface manifestation of a "lithospheric tooth". Some of Proterozoic anorthosites (e.g., central Finland, the Ukrainian Shield, southern India, central USA) were formed within cratonic interiors (Fig. 16) ; they could be produced by a deflection of a paleo-thermal anomaly in the mantle sidewards from the "lithospheric tooth".
The "diagnostic" features of "lithospheric teeth" can include a combination of: (i) a thick crustal root, (ii) low surface heat flow as compared to adjacent terranes, (iii) the presence of a paleo-suture or a paleo-orogen, and (iv) the presence of a belt of anorogenic magmatism at the edges of the "lithospheric tooth". Some of these features are observed, for example, in the Ukrainian shield, the Siberian Platform, and the Southern Granulite terrane in India, while all of them are observed in the Baltic Shield.
A region with some of the thickest known Precambrian crust, atypical for Archean cratons and locally reaching 60 km, is located at the boundary between the Archean Kola-Karelian and early Proterozoic SvecoFennian terranes in central Finland (Gorbatschev and Bogdanova, 1993) . Mantle xenoliths from a kimberlite pipe at the terrane boundary indicate a cold cratonic geotherm (Fig. 6 ) and suggest the presence of a thick lithospheric root. This conclusion is further supported by the absence of shearing in xenoliths down to a 240 km depth (Kukkonen and Peltonen, 1999) ; hightemperature, sheared (and often metasomatised) peridotites are commonly interpreted as associated with mantle zones of reduced viscosity and asthenospheric flow. Low surface heat flow (30.2 ± 7.4 mW/m 2 , n = 16) in the area suggests either an abnormally low-radiogenic crust, or a very thick lithospheric root, or a combination of both. A surface heat flow anomaly produced by a 300-350 km thick lithospheric root should have a wavelength of ca. 1000 km, in agreement with observations in Fennoscandia. Furthermore, the presence of rapakivi granites encircling the region with the thick crust and low surface heat flow from north, west and south provides further support for the proposed process and the presence of a superthick lithospheric tooth (250-300 km) with a limited lateral extent.
Lithospheric structure and middle Proterozoic anorthosites
I propose that the structure of the continental lithosphere has controlled anorogenic magmatism and, in particular, the extraction of Precambrian anorthosites (igneous rocks containing N 90% of plagioclase, many of them being metamorphosed). Geological and geochemical data on Precambrian anorthosites used in further discussion are based on an excellent compilation of Ashwal (1993) .
Archean megacrystic anorthosites, which have distinctive geochemical characteristics, are associated with mafic melts and flows of basaltic composition and are found at different tectonic settings within the Archean terranes. Presumably they were formed within oceanic crustal environments. Archean anorthosites are more common in cratons of the northern hemisphere than of the southern hemisphere (Ashwal, 1993) . This accords with the results of the thermal modeling which indicate that Archean cratons with thick lithospheric roots (N 250 km) are restricted chiefly to the northern hemisphere, while the lithosphere in Archean cratons of the southern hemisphere is much thinner (ca. 200 km) Mooney, 2001, 2002) . Furthermore, a comparison of Figs. 12 and 16b indicates that many Archean anorthosites are located at the edges of Archean terranes with thick lithospheric roots.
Conversely, the most voluminous and abundant, massif-type anorthosites are almost uniquely a middleProterozoic phenomenon (Ashwal, 1993) . They are formed by intrusive complexes, which typically are not associated with large volumes of mafic or ultramafic rocks and are restricted in time and space (Ashwal, 1993 and Figs. 15a, 16) . Although Proterozoic anorthosites formed over a 600 Ma time span, most of them were emplaced at 1.85-1.55 and 1.35-1.15 Ga (compare with Fig. 15b , which shows peaks in lithospheric growth at this time). Plotted on paleo-continental reconstructions, massif-type anorthosites appear to group into two "belts": one across Laurasia and the other one across the Gondwana continents. Proterozoic granitoids (including charnockites and rapakivi granites) are commonly associated with massif-type anorthosites and many of them are distributed along the Laurasian anorthosite belt (c.f. Ashwal, 1993) , although petrogenetic links between them are debated. Proterozoic anorthosites are believed to be a product of basaltic, ultramafic, or anorthositic magmatism, many of them were significantly contaminated with the crustal material.
Although different tectonic settings have been proposed for petrogenesis of massif-type anorthosites, none of them can entirely explain their differentiation, crystallization, and metamorphic history. Moreover, most of the hypotheses fail to explain why massif-type anorthosites are a uniquely Proterozoic phenomenon. An exception is the model of Hoffman (1989) which proposes that Proterozoic anorthosites were formed after an early Proterozoic assemblage of Archean microcontinents into a supercontinent (Laurentia); thermal blanketing of convective mantle by continental lithosphere produced a mantle superswell and wide-spread anorogenic magmatism. As pointed out by Ashwal (1993) , this model fails to explain why Proterozoic anorthosites within the Superior craton are so scarce and why a superswell did not cause a supercontinent break-up.
I next propose a genetic link between lithospheric growth and anorthosite formation in middle Proterozoic based on (i) the correlation between the spatial distribution of Proterozoic anorthosites and lithospheric structure ( Fig. 16 ) and (ii) on the correlation between the time of their extraction and lithosphere growth rate (Fig. 15 a,  b) . I advocate that large-scale variations in lithospheric thickness at cratonic margins and at paleoterrane boundaries controlled the extraction of Precambrian anorthosites. It is outside the scope of this study to consider geochemical arguments for or against the proposed hypothesis. Fig. 15b shows that for the post-Archean lithosphere, the major peak in the rate of lithospheric growth correlates with one of the major world-wide recognized crust-forming episodes at 2.0-1.7 Ga (e.g., Reymer and Schubert, 1987) . These peaks in crustal and lithospheric growth are followed by a global extraction of Proterozoic massif-type anorthosites (Fig. 15a) . I hypothesize that they were produced by vigorous small-scale convection at the margins of continental lithospheric keels formed at 2.0-1.7 Ga, similarly to the mechanism proposed by King and Anderson (1995) for a formation of large igneous provinces. Fig. 16b demonstrates that middle Proterozoic belts of anorogenic magmatism are more abundant at the edges of the cratons with exceptionally thick lithospheric roots. Besides, everywhere where seismic data on the crustal structure exist, Proterozoic anorthosites are concentrated in the regions of thicker than normal (N42 km) Precambrian crust (Fig. 16a) . Ashwal (1993) pointed out that many middleProterozoic massif-type anorthosites were emplaced at terrane boundaries, for example, at the Grenville front and the Nain-Churchill boundary in Labrador, at the edge of the Eastern Ghats in India, at the western margin of the East European Platform, along the margins of the Kola Peninsula, or along the southern margin of the Aldan shield (the Stanovoy Ridge). Note that all of these tectonic settings are marked by a pronounced step in lithospheric thickness (Figs. 12, 16b) , typically ca. 50-75 km over a lateral distance of 200-600 km. Steadystate thermal modeling does not permit to distinguish smaller-scale variations in lithospheric structure, which are masked by a horizontal component of conductive heat transfer in the lithosphere.
Similar to Archean anorthosites, more massif-type anorthosites are known in the northern than in the southern hemisphere; they are not abundant in South America and Africa and are not known at all in Australia (Ashwal, 1993) . This can be a consequence of a significant difference in lithospheric growth rates on the cratons of the two hemispheres. While model Nd ages of basement rocks cluster around 1.9-1.7 Ga in North America (e.g., Nelson and DePaolo, 1985) suggesting high rates of crustal growth at that time, Nd analysis of shales from Australia did not indicate any significant peaks in crustal growth rate at 1.9-1.7 Ga (Allègre and Rousseau, 1984) .
Conclusions
Surface heat flow measurements allow us to constrain the thermal state of the upper mantle only for about 40% of the continents, which is sufficient to perform a statistically significant analysis of lithospheric geotherms for continental terranes with different tectonic settings and different geological ages. New compilation of crustal ages (Fig. 2) together with previously reported geotherms for stable continental regions (Artemieva and Mooney, 2001 ) form the basis for this analysis. These data were supplemented by xenolith P-T arrays and electrical conductivity profiles for cratonic regions. A major assumption for the analysis is that lithospheric mantle has the same age as the overlying crust. A new global thermal model TC1 for the continental lithosphere is constrained on a 1°× 1°grid.
The following conclusions are made from the study.
1) Xenolith P-T arrays confirm the results of the thermal model and suggest that there are two groups of Archean cratons with significantly different thermal regimes. Cratons with lower mantle temperatures follow a ca. 35-38 mW/m 2 conductive geotherm and include Archean terranes of the northern hemisphere (Slave craton, Fennoscandia (central Finland and Arkhangelsk region), and Siberia). Xenolith P-T arrays for Kaapvaal, Namibia, Superior and Wyoming cratons, and Somerset Island follow a 40-45 mW/m 2 conductive geotherm. The difference between the 37 and 42 mW/m 2 geotherms implies ca. 80-100 km difference in the lithospheric thickness between the cratons in the two groups. Depth curves of electrical conductivity, which are surprisingly similar for all cratons, further support the conclusion that conductive geotherms between 35 and 50 mW/m 2 are characteristic of all of the Archean cratons. 2) Statistical analysis of lithospheric geotherms reveals a striking correlation (r = 0.94) between the age of terranes and their thermal regime: the lithospheric thermal thickness linearly decreases with time from Mesoarchean to present. However, this correlation can be biased by the uneven distribution of heat flow measurements as indicated by the lower value of area-weighted correlation (r = 0.68) calculated on a 1°× 1°grid. 3) Contrary to the global trend, lithosphere is thicker in young Archean than in old Archean (N3.0 Ga) cratons. Thick lithospheric roots (250-350 km) are found solely for 3.0-2.5 Ga old cratons. In several Archean cratons regions with low heat flow, thick crust and thick lithosphere spatially coincide with paleoterrane boundary(ies). I propose that in such regions an exceptionally thick lithosphere has a relatively small lateral extent and was formed during Archean-early Proterozoic thrust-thickening collisions of pre-existing continental nuclei. Heat from the mantle during episodes of high tectonic activity could be effectively diverted by such "lithospheric teeth", forming belts of anorogenic magmatism at their edges. 4) The strong correlation between the thermal state and the age of the lithosphere allows us to build a new global thermal model TC1 of the continental lithosphere on a 1°× 1°grid, which shows strong thermal heterogeneity of the continental mantle. Maximum temperature anomalies (up to 800°C) in shallow mantle can produce seismic velocity anomalies of up to 3%. A map of the depth to the 550°C isotherm provides a proxy for the thickness of the magnetic crust and for the thickness of a mechanically strong layer in N 200 Ma old lithosphere with olivine rheology of the mantle. 5) A new global map of lithospheric thickness, constrained by the TC1 model, was used to estimate the volume of the preserved continental lithosphere, which is ca. 27.8 (± 7.0) × 10 9 km 3 (excluding submerged terranes with continental crust such as oceanic plateaus and shelves). The average growth rate of the continental lithosphere was ca. 5-8 km 3 /year in the Archean and twice higher at 2.1-1.7 Ga. About 50% of the present continental lithosphere was formed by 1.8 Ga.
6) The growth rate of the lithosphere since the Archean (as manifested by its present-day lithospheric volume for terranes of different ages) does not reveal a peak in lithospheric volume at 2.7-2.6 Ga as expected from growth curves for juvenile crust. A nearly zero rate of lithosphere recycling was calculated for the Archean-early Proterozoic lithosphere, reflecting stabilization of cratonic lithosphere by the late Archean and its enhanced survivability. 7) The major peak in the rate of lithospheric growth correlates with one of the major world-wide recognized crust-forming episodes at 2.0-1.7 Ga and is followed by a global extraction of Proterozoic massif-type anorthosites. I propose that large-scale variations in lithospheric thickness at cratonic margins and at paleoterrane boundaries controlled anorogenic magmatism and, in particular, the extraction of Precambrian anorthosites which were produced by vigorous small-scale convection at the margins of continental lithospheric keels formed at 2.0-1.7 Ga. The hypothesis is based on the observed correlations (a) between the spatial distribution of Proterozoic anorthosites and lithospheric structure and (b) between the time of their extraction and lithosphere growth rate. More common and more voluminous occurrence of middle Proterozoic massive anorthosites in the northern hemisphere (where xenolith and thermal data suggest an exceptionally thick cratonic lithosphere) supports the hypothesis that their emplacement can be associated with a presence of N 250 km lithospheric roots.
